The neuronal apoptosis inhibitory protein (NAIP) was identified as a candidate gene for the inherited neurodegenerative disorder spinal muscular atrophy. NAIP is the founding member of a human protein family that is characterized by highly conserved N-terminal motifs called baculovirus inhibitor of apoptosis repeats (BIR). Five members of the human family of inhibitor of apoptosis proteins including NAIP have been shown to be antiapoptotic in various systems. To date, a mechanism for the antiapoptotic effect of NAIP has not been elucidated. To investigate NAIP function, we found cytoprotection of NAIP-expressing primary cortical neurons treated to undergo caspase-3-dependent apoptosis. The additional treatment of these neurons with the pancaspase inhibitor boc-aspartyl(OMe)-fluoromethylketone did not result in increased survival. Similar cytoprotective effects were obtained using HeLa cells transiently transfected with a NAIP N-terminal construct and treated to undergo a caspase-3-dependent cell death. To examine whether NAIP inhibits caspases directly, recombinant N-terminal NAIP protein containing BIR domains was overexpressed, purified, and tested for caspase inhibition potential. Our results demonstrate that inhibition of caspases is selective and restricted to the effector group of caspases, with K i values as low as ϳ14 nM for caspase-3 and ϳ45 nM for caspase-7. Additional investigations with NAIP fragments containing either one or two NAIP BIRs revealed that the second BIR and to a lesser extent the third BIR alone are sufficient to mediate full caspase inhibition.
The neuronal apoptosis inhibitory protein (NAIP) was identified as a candidate gene for the inherited neurodegenerative disorder spinal muscular atrophy. NAIP is the founding member of a human protein family that is characterized by highly conserved N-terminal motifs called baculovirus inhibitor of apoptosis repeats (BIR). Five members of the human family of inhibitor of apoptosis proteins including NAIP have been shown to be antiapoptotic in various systems. To date, a mechanism for the antiapoptotic effect of NAIP has not been elucidated. To investigate NAIP function, we found cytoprotection of NAIP-expressing primary cortical neurons treated to undergo caspase-3-dependent apoptosis. The additional treatment of these neurons with the pancaspase inhibitor boc-aspartyl(OMe)-fluoromethylketone did not result in increased survival. Similar cytoprotective effects were obtained using HeLa cells transiently transfected with a NAIP N-terminal construct and treated to undergo a caspase-3-dependent cell death. To examine whether NAIP inhibits caspases directly, recombinant N-terminal NAIP protein containing BIR domains was overexpressed, purified, and tested for caspase inhibition potential. Our results demonstrate that inhibition of caspases is selective and restricted to the effector group of caspases, with K i values as low as ϳ14 nM for caspase-3 and ϳ45 nM for caspase-7. Additional investigations with NAIP fragments containing either one or two NAIP BIRs revealed that the second BIR and to a lesser extent the third BIR alone are sufficient to mediate full caspase inhibition.
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With the discovery of biochemical and histological hallmarks of apoptosis, it has become increasingly evident that the intrinsic cellular suicide program is not only required for normal CNS development (Oppenheim, 1991) but also, if executed inappropriately, contributes to the pathology of neurodegenerative disorders such as Alzheimer's disease (Cotman, 1998 ), Parkinson's disease (Hartmann et al., 2000) , or the childhood spinal muscular atrophy (SMA; Morrison, 1996) . The defining characteristic of SMA is a progressive loss of motor neurons leading to wasting of the voluntary muscles. SMA patients are clinically heterogeneous and are classified into three types (types I-III) on the basis of age of onset, severity, and clinical progression (Morrison, 1996) . The combined frequency for all three types of SMA is ϳ1:10,000, making it one of the most common inherited neurodegenerative diseases (Emery, 1991) . Analysis of the complex SMA locus that maps to chromosome 5q13 has led to the discovery of two candidate genes for SMA, the SMA-causing gene survival motor neuron (SMN) and the potential modifier neuronal apoptosis inhibitory protein (NAIP; Lefebvre et al., 1995; Roy et al., 1995) . The NAIP gene coding region spans 4212 nucleotides encoding a 1403-amino acid 156 kDa protein with strong homology to the baculoviral inhibitor of apoptosis proteins (IAPs) Cp-IAP and Op-IAP. NAIP is the founding member of the human IAP protein family (Roy et al., 1995) , which typically express one to three motifs in the N-terminal region termed baculovirus inhibitor of apoptosis repeat (BIR) domains that are defined by a CX 2 CX 16 HX 6 -8 C consensus sequence (Uren et al., 1998) .
Recent studies examining neuronal cell death indicate a key role for caspase-3 in the apoptotic process. For example, it has been shown that caspase-3 knock-out mice show severe alterations of brain structures in regions where neuronal apoptosis is predominantly believed to occur. The changes include an overall brain mass increase, disorganized cell deployment, and duplicated brain structures (Kuida et al., 1996) . In addition, upregulation and activation of caspase-3 or a caspase-3-like protease has been shown to be a key mediator of neuronal death in neurons after excitotoxic and hypoxic injuries, as well as in the hippocampal CA1 sector after transient global ischemia (Yakovlev et al., 1997; Chen et al., 1998; Namura et al., 1998; Ni et al., 1998 ).
An antiapoptotic effect of NAIP and other members of the human IAP family has been shown in cell culture systems (Liston et al., 1996; Deveraux and Reed, 1999) . Apoptotic hippocampal neurons can be rescued by stereotactic microinjection of NAIPexpressing adenovirus in the CA1 region, suggesting that the antiapoptotic activity of NAIP shown in vitro extends to the in vivo situation (Xu et al., 1997) . Recent evidence suggests that in addition to supraphysiologic levels of NAIP conferring neuronal protection, the loss of endogenous NAIP results in enhanced neuronal vulnerability (Holcik et al., 2000) , indicating that NAIP plays an important role in regulation of neuronal apoptosis. However, a mechanism for antiapoptotic function of NAIP has not yet been identified. Although other IAP family members have been shown to inhibit caspases directly Roy et al., 1997; Tamm et al., 1998) , a similar interaction could not be demonstrated for NAIP , suggesting an alternate mechanism in mediating cytoprotection. The present study demonstrates the direct inhibition of effector caspases by NAIP BIR domains and thus provides a mechanistic explanation for the cytoprotective effect of NAIP and its function as an important regulator protein for neuronal apoptosis.
MATERIALS AND METHODS
Generation and cloning of NA IP BIR constructs. NAI P constructs encompassing one to three BIR domains (see Fig. 2 A) were generated by PCR using the following primer pairs: B123xt, 5Ј forward primer GGATCC ATG GCC ACC CAG CAG AAA GCC and 3Ј reverse primer CTCGAG CCA GAT GCC CAC AGA AAA GCT AT; B1, 5Ј forward primer GGATCC GCA GTT CAG TTG GCA AGG and 3Ј reverse primer CTC-GAG CTC AGC CTG CTC TTC AGA TT; B2, 5Ј forward primer GGATCC AGC AGG CTG AGA GAG GT and 3Ј reverse primer CTC-GAG GTA ATT TCC TCT GAG GAT TTC; B3, 5Ј forward primer GGATCC TCC TCA GAG GAA ATT ACC and 3Ј reverse primer CTC-GAG ATA GGA CCA ACT GCA TTG AA; B12, 5Ј forward primer GGATCC GCA GTT CAG TTG GCA AGG and 3Ј reverse primer CTC-GAG GTA ATT TCC TCT GAG GAT TTC; B23, 5Ј forward primer GGATCC AGC AGG CTG AGA GAG GT and 3Ј reverse primer CTC-GAG ATA GGA CCA ACT GCA TTG AA; B2A, 5Ј forward primer GGATCC GCA TCC TTC AGG AAC TGG and 3Ј reverse primer CTC-GAG TAT GTC AAC AAA TCC C; B2B, 5Ј forward primer GGATCC ATG AGG TAC CAA GAA GAGG and 3Ј reverse primer CTCGAG GGG AAC CAT TTG GCA TG; and B2C, 5Ј forward primer GGATCC GGG ATA TCC CCT TGT GTG CTC and 3Ј reverse primer CTCGAG ATC ATC TCC TTC TTC CCA. The PCR product was subcloned in pCR2.1 vector using the Invitrogen TOPO cloning kit (Invitrogen C anada Inc., Burlington, Ontario, C anada) according to the manufacturer's instructions. After sequencing, the constructs were digested with BamHI and XhoI restriction enzymes and subcloned in pGEX-4T3 and pcDNA3.0-myc vectors.
Overe xpression and purification of NA IP BIR proteins. The recombinant glutathione S-transferase (GST)-NAI P proteins were overexpressed in Escherichia coli strain BL21 (Novagen Inc., Madison, W I). Briefly, overnight bacterial cultures were diluted 1:10 in L uria-Bertani medium. The culture was incubated at 30°C to an OD 600 of 1.8, followed by isopropyl-␤-D-thiogalactopyranoside induction (final concentration, 0.1 mM; B2, 0.5 mM). One hour after induction, the cells were harvested, and the pellets were resuspended in sodium Tris EDTA buffer [10 mM Tris-C l, pH 8.0, 150 mM NaC l, 1 mM EDTA, 0.1% 3-[(3-cholamidopropyl)-dimethylammonio]-2-hydroxy-1-propanesulfonic acid (CHAPS), and 5 mM dithiothreitol (DTT)]. Purification was performed by adding glutathione-Sephadex 4B beads (Amersham Biosciences, Piscataway, NJ) to the soluble fraction, followed by washing in protein wash buffer (1ϫ PBS, pH 8.0, containing 5 mM DTT and 0.1% CHAPS). The proteins were then eluted (50 mM Tris-C l, pH 9.5, 15 mM reduced glutathione, and 0.1% CHAPS). Protein concentrations were measured using a protein assay (Bio-Rad, Hercules, CA) according to the manufacturer's protocol. The purity of the obtained protein was determined by SDS PAGE and was generally Ͼ90%.
Reversible caspase inhibition assay. The reversible caspase inhibition assay was performed as described previously (Thornberry et al., 1992; Nicholson et al., 1995) The inhibitory constants were derived by steadystate velocities of enzyme inhibitor complexes generated with a range of inhibitor (NAI P) concentrations and maintaining constant levels of both enzyme (caspase) and substrate (fluorogenic tetrapeptide) with the concentrations of the caspase and tetrapeptide in the range of the known K m for the caspase -tetrapeptide interaction with the following modifications. Ac-YVAD-AMC (Biomol, Plymouth Meeting, PA) was used as the substrate for caspase-1 and Ac-DEV D-AMC for caspase-3, caspase-7, and caspase-8. Before reading, the IAP protein was diluted 1:20 in assay buffer followed by serial dilution before addition of substrate (10 M final) and enzyme (50 pM for caspase-3, 2.25 nM for caspase-8, 1.4 nM for caspase-7, and 1 nM for caspase-1; all final concentrations; final assay volume, 200 l). The assays were performed in 96-well microtiter plates at room temperature in continuous readings for 30 min [five readings per minute; C ytofluor II; PerkinElmer Life Sciences, Emery ville, CA; excitation (ex), 380 nm; emission (em), 460 nm]. IC 50 values were calculated using the curve-fitting program PROFI T 5.5 for MacIntosh (QuantumSoft Inc., Zurich, Switzerland); K i values were calculated according to the formula developed by Cheng and Prusoff (1973) . This formula is valid when the binding is competitive and reversible; we know that this is the case for capase-3 and X IAP given the recently published structural analyses of IAP and caspases (Chai et al., 2001; Huang et al., 2001; Riedl et al., 2001) . Because substrate concentration and K m were kept constant in the assay (both at 10 M), the K i should approximate half of the obtained IC 50 value. K i values were also calculated from the steady-state velocities of the enzyme inhibitor complexes using the equations developed by Morrison and Walsh (1988) for the analysis of slow and tight binding inhibitors. This was done in the event that the binding had a marked time dependence and was not wholly competitive and reversible, in which case the Cheng and Prusoff (1973) equation would not obtain. The fact that equivalent results were obtained by both statistical methods supports the accuracy of the inhibitory constants.
Culture and survival of primar y cortical neurons. Mouse cortical neurons (CD1) were cultured from embryonic day 16 (E16) and grown in defined serum-free medium as described previously (Keramaris et al., 2000) . For optimal infection of neurons with minimal cytotoxicity, recombinant adenoviral vectors (carrying lacZ, NA IP, or XIAP), at a multiplicity of infection (MOI) of 10 or 20 pf u /cell, were added to cell suspensions immediately before plating. Neurons were cultured up to day 3 and subsequently treated either with camptothecin (10 M) alone or with camptothecin and boc-aspartyl(OMe)-fluoromethylketone (BAF; 100 M). C ell survival was assessed by using the colorimetric (3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide (MTT) survival assay (C ell Titer K it; Promega, Madison, W I), which measures the conversion by mitochondrial enzymes of the tetrazolium salt to a blue formizan salt 24 hr after treatment in an adaptation of the method of Keramaris et al. (2000) .
Cell culture and transfection. HeLa cells (CCL2; American T ype Culture Collection, Manassas, VA) were grown in DM EM with 4.5 mg /ml D-glucose and pyridoxine hydrochloride (Invitrogen) containing 10% heat-inactivated fetal bovine serum, 2 mM L-glutamine, 100 U/ml penicillin G, and 100 g /ml streptomycin. T wenty-four hours before transfection, cells were plated at a density of 2 ϫ 10 5 cells/ well in 60 mm six-well culture dishes. C ells were transfected by applying the LipofectAM I N E Plus system (Invitrogen) using 0.8 g of each plasmid construct and 0.4 g of pEGFP-N1 plasmid [expressing green fluorescent protein (GFP)] according to the manufacturer's protocol.
HeLa cell death assay. T wenty-four hours after transfection, the cells were treated with 100 M etoposide in dimethylsulfoxide (DMSO) or with DMSO (control) for 8 hr before being returned to complete media. Seventy-two hours after treatment, the supernatant was removed and centrif uged to collect floating cells. The adherent cells were trypsinized and then combined with the floating cells by centrif ugation and washed with cold PBS. After a second centrif ugation, the cells were resuspended in 500 l of cold PBS. Five minutes before flow cytometry analysis, 5 l of 1 mg /ml propidium iodide (PI) was added to the cells. Flow cytometry was performed using an EPIC S X L flow cytometry system (BeckmanCoulter Inc., Fullerton, CA), and analysis of cell viability was performed using the software WinMDI 2.8 (http://facs.scripps.edu). GFP-and PIpositive cells were counted in control and etoposide-treated cells transfected with the same construct. Specific apoptosis was calculated in an adaptation of the method of Scaffidi et al. (1998) .
RESULTS

NAIP protects primary cortical neurons undergoing caspase-3-dependent apoptotic death
To elucidate the antiapoptotic mechanism mediated by NAIP, we sought to study its action in a physiologically relevant context. Previous work has shown that the genotoxic agent camptothecin evokes apoptotic death of cultured embryonic (E16) mouse cortical neurons through activation of caspase-3 (Stefanis et al., 1999; Keramaris et al., 2000) . To clarify whether the chief means of neuroprotection by NAIP is mediated through a caspasedependent or -independent mechanism, as suggested by the results of a previous in vitro study , an adenoviral vector was used to deliver full-length NAIP to cortical neurons undergoing apoptosis induced by the DNA-damaging agent camptothecin. The effect of NAIP in this system was compared with the IAP family member XIAP, shown previously to inhibit effector caspases directly , as well as with an adenovector carrying the lacZ gene (Ad-lacZ) used as a vector control. Cultured neuronal cells, infected with lacZ at an MOI of 20, exhibit 36.8 Ϯ 2.3% survival 24 hr after treatment with camptothecin, as determined by MTT assay (Fig. 1) . In contrast, neurons expressing NAIP exhibited a significantly prolonged survival in an MOI dose-dependent manner (Fig. 1) ; e.g., a significant delay in cell death was obtained with 44.6 Ϯ 2.6% survival of these neurons when an MOI of 10 was used ( Fig. 1) and 49.7 Ϯ 3.8% with an MOI of 20 (Fig. 1) . Comparable results were obtained with the caspase inhibitor XIAP (44.7 Ϯ 2.8% at MOI 10 and 51.2 Ϯ 3.5% at MOI 20) (Fig. 1) . To establish whether the neuroprotective effect observed with NAIP is attributable to inhibition of caspases alone or via a caspaseindependent mechanism, the identical experiments were conducted in the presence of the general caspase inhibitor BAF. The application of BAF (100 M) alone to camptothecin-treated neurons expressing LacZ resulted in prolonged survival (45.8 Ϯ 2.2% with an MOI of 20) (Fig. 1) . However, when neurons were infected with Ad-NAIP at an MOI of 10 in addition to BAF, a small but significant ( p Ͻ 0.05, Student's t test) increase in cell survival was observed (49.5 Ϯ 3.2%) (Fig. 1) . When Ad-NAIP was used at an MOI of 20, the addition of BAF resulted in no significant increase in cell survival (50.6 Ϯ 2.7% with BAF treatment compared with 49.7 Ϯ 3.8% without) (Fig. 1) . Similar results were obtained when Ad-XIAP was used under identical conditions (Fig. 1) . Together, the results of these studies indicate that NAIP expression can protect cortical neurons primarily through either direct inhibition of caspases or a caspasedependent pathway.
The N terminus of NAIP can protect HeLa cells undergoing caspase-3-dependent apoptosis
In view of the above findings, additional experiments to establish the results in an alternate cellular system were undertaken. When treated with the topoisomerase II inhibitor etoposide, HeLa cells are reported to undergo apoptosis characterized by elevated levels of caspase-3 (Liu, 1989; Mizukami et al., 1999) . In these studies, we used a N-terminal construct of NAIP encompassing the three BIR domains (Fig. 2 A, B123xt) , shown previously to be sufficient to mediate an antiapoptotic effect (Liston et al., 1996) . HeLa cells were transiently transfected with pcDNA3.0-myc B123xt and treated with etoposide. The effect was compared with cells transfected with pcDNA3.0-myc-XIAP or pcDNA3.0-mycSurvivin, IAP family members shown previously to confer cytoprotection in a similar system by inhibiting caspase-3 and caspase-7 . Cotransfection with pEGFP-N1 (expressing GFP) allows the identification of transfected cells. After an incubation period of 72 hr, cell viability for GFP-positive cells was determined by flow cytometry. The results of four experiments revealed significant cytoprotection by all IAP constructs applied in comparison with the samples transfected with the empty vector (63.3 Ϯ 6.3%) (Fig. 3) , with the NAIP B123xt construct exhibiting the most profound cytoprotective effect (89.8 Ϯ 0.4%), followed by Survivin (78.2 Ϯ 6.3%) and XIAP (73.8 Ϯ 3.2%) (all Fig. 3) . Together, these results support the finding that expression of NAIP is cytoprotective when cells undergo caspase-dependent apoptosis and that this effect is mediated via its BIR domains.
Recombinant N-terminal NAIP protein selectively inhibits caspase-3 and caspase-7
We then overexpressed and purified a recombinant GST-NAIP fusion protein encompassing the three BIR domains (Fig. 2 A,  B123xt ) to evaluate the possibility that NAIP directly inhibits caspases. Peptide aldehydes that reversibly bind and suppress caspase activity with high potency (Garcia-Calvo et al., 1998) as well as a recombinant GST-XIAP protein were used as enzyme inhibition controls. The GST-XIAP protein was purified and treated under conditions identical to those used for the NAIP B123xt protein.
On the basis of the classification of caspases (Thornberry et al., 1997) , caspase-1 (interleukin-1 converting enzyme) was selected as a representative of group I caspases (caspase-1, caspase-4, and caspase-5) and tested for direct inhibition by purified GSTB123xt. This enzyme could not be inhibited by NAIP or XIAP, even when high concentrations of protein (NAIP, 3 M; and XIAP, 5 M) were used (Fig. 4 A) . The same result was obtained when NAIP and XIAP were tested against caspase-8, a representative member of the group III caspases (Fig. 4 B) . However, very potent and specific inhibition was obtained when NAIP was tested against members of the group II caspases, also termed effector caspases, because of the multitude of cellular and structural proteins that serve as their substrates (Nicholson, 1999) . Figure 5A depicts the specific inhibition of caspase-7 by NAIP (K i , 50 nM), identical to that observed for XIAP (K i , 49 nM). Additional assays were then conducted to evaluate the potential for inhibition of the most prominent member of group II caspases, caspase-3. Figure 5B represents a typical experiment (n ϭ 6) of caspase-3 inhibition by NAIP. As is the case for caspase-7, B123xt is able to inhibit caspase-3 but with a much higher affinity. The K i values of several independent experiments conducted to substantiate the potency of B123xt for caspase-3 inhibition ranged from 7 to 21 nM (14 Ϯ 5 nM; Table 1 ). Control proteins such as GST and SMN as well as the elution buffer itself showed no inhibitory effect on caspases (data not shown).
A single NAIP BIR domain is sufficient for caspase-3 inhibition
To investigate which BIR domains in combination or isolation inhibit caspase-3, NAIP deletion constructs comprising either single or dual BIR (Fig. 2 A) were cloned into bacterial expression vectors, overexpressed as GST fusion proteins, purified, and tested for potential caspase-3 inhibition. In Figure 6 A, a representative result for caspase-3 inhibition using proteins containing two NAIP BIR domains in relation to control inhibitors, peptide aldehyde, or GST-XIAP is shown. The B12 protein shows no significant enzyme inhibition, whereas B23 inhibits caspase-3 with a low potency in comparison with full-length XIAP and B123xt. The IC 50 value obtained from this experiment was 614 nM for B23, corresponding to a K i of 307 nM. When proteins comprising single NAIP BIR motifs were tested in inhibition assays, a wide range of inhibition potencies was observed. The GST-BIR1 (B1) protein did not inhibit caspase-3 activity (Fig. 6 B) in contrast to GST fusion proteins containing either the BIR3 or BIR2 domain. GST-B3 shows a weaker inhibition profile, similar to that observed with the B23 protein (K i , 195 and 276 nM, respectively). Potent inhibition of caspase-3 was observed with the BIR2 construct (K i , 9) (Fig. 6 B) , similar to that seen for the protein containing all three BIR domains (Fig. 5B, B123xt) . The profound inhibitory effect of the BIR2 protein was substantiated in additional experiments yielding K i values of 5 and 21 nM (10 Ϯ 6 nM; Table 1 ), demonstrating that a single BIR domain of NAIP is sufficient to fully mediate the inhibitory effect. On the basis of these findings, we tested additional truncations of the BIR2 domain to delineate the minimum requirement for caspase-3 inhibition. Three constructs were generated (Fig, 2 B, B2A , B2B, B2C) with deletions of amino acids highly conserved within all known BIR motifs (Uren et al., 1998) (Fig. 2 B) . None of these BIR2 deletion proteins was able to inhibit caspase-3 (data not shown). Figure 2 . A, Illustration of the NAIP deletion constructs generated for caspase inhibition and cell death assays. B, Amino acid sequence alignment of BIR domains of human IAP family members known to have an antiapoptotic effect. The alignment was generated with the program CLUSTALW 1.8 (Thompson et al., 1994) with default settings (http://workbench.sdsc.edu/). The black regions in highlight amino acids conserved in BIR motifs across species as determined by Uren et al. (1998) ; the gray regions indicate identity with NAIP BIR2 domain. The sequences of NAIP BIR2 deletion constructs (B2A, B2B, B2C) are illustrated above the NAIP BIR2 sequence. C, Phylogenetic tree diagram (rooted) of the BIR sequences aligned in B generated with the program DRAWGRAM (Inference Package, version 3.5; Department of Genetics, University of Washington, Seattle, WA) using NAIP B2 as the leader sequence.
NAIP BIR deletion constructs show inhibition in cell death assays
After the demonstration that a single BIR domain is sufficient to inhibit caspases, a correlation between the in vitro BIR-mediated caspase inhibition and cytoprotection was sought. The BIR deletion constructs were subcloned in a pcDNA3.0-myc vector and transiently transfected along with pEGFP-N1 into HeLa cells, applying the conditions described above. Expression of NAIP deletion proteins was confirmed by Western blot analysis using an anti-myc antibody (data not shown). The results of four experiments are illustrated in Figure 7 and reveal cytoprotection by all NAIP BIR constructs used when compared with the control sample (63.3 Ϯ 3.2%) (Fig. 7) , with B3 showing the most profound cytoprotective effect (91.3 Ϯ 3.4%), followed by B2 (82.8 Ϯ 3.6%) and B1 (73.8 Ϯ 5%). The proteins containing two BIR domains also conferred significant protection, with 71.2 Ϯ 4% for B12 and 81.9 Ϯ 1.7% for B23 (Fig. 7) . These results show that NAIP proteins with the greatest capability for caspase inhibition in vitro (B123xt, B3, B2, and B23) conferred the greatest cytoprotection in the HeLa cell death assays, consistent with a causal link between caspase inhibition and cellular survival. 
DISCUSSION
The first human IAP family member, NAIP, was cloned in 1995 as the result of a search for the genetic cause of the neurodegenerative disorder SMA. A number of laboratories have shown that NAIP is antiapoptotic and cytoprotective in a variety of cellular and in vivo models (Liston et al., 1996; Xu et al., 1997; Perrelet et al., 2000) , suggesting that NAIP is an important regulator of neuronal apoptosis. However, a mechanism of NAIP action has not yet been described. In this report, we demonstrate that the BIR domains of NAIP are potent inhibitors of effector caspases, suggesting a mechanism for the antiapoptotic effect of NAIP.
Analysis of representative enzymes of all three groups of caspases demonstrate an inhibition of caspases that is apparently selective and restricted to group II caspases, with K i values as low as ϳ15 nM for caspase-3 and ϳ45 nM for caspase-7 (Fig. 5, Tables  1, 2 ). The comparison of K i values obtained from our experiments reveals no difference between the caspase inhibitory properties of NAIP and XIAP (Figs. 4 -6 ), an IAP family member shown previously to inhibit caspases . A previously published study assaying for an in vitro recombinant NAIP and caspase interaction failed to detect any binding to caspase for reasons that are unclear. The N-terminal NAIP construct used in our study included the putative ATP and GTP binding site downstream from the third BIR (Fig. 2 A,  B123xt) , adding 160 amino acids to the protein used in the previous study . The inclusion of these amino acids may permit proper protein folding. Generally, a strong tendency of NAIP BIR proteins toward oligomerization and precipitation was observed during the course of purification, especially with highly soluble proteins such as B23 and B3. The BIR-BIR interaction revealed in x-ray crystallographic analysis of the IAP family member Survivin (Verdecia et al., 2000) is consistent with a model of NAIP BIR domain self association.
The effect of NAIP as a specific and potent inhibitor of group II caspases was also assessed in a context of greater physiological relevance. In view of the pivotal role of caspase-3 in mediating neuronal apoptosis, we investigated the effect of NAIP and caspase inhibition in apoptotic neuronal cells. When exposed to the DNA-damaging agent camptothecin, primary cortical neurons show characteristic features of apoptosis and elevated levels of caspase-3 (Stefanis et al., 1999; Keramaris et al., 2000) . As shown in Figure 1 , infection of camptothecin-treated neurons with an adenovirus expressing either NAIP or XIAP led to similar levels of survival of these neurons. This effect was dosedependent, because the application of an MOI of 20 resulted in a higher protection than seen with an MOI of 10 (Fig. 1) . The additional treatment of NAIP-expressing neurons with the pancaspase inhibitor BAF led to increased survival only when a low MOI was used (Fig. 1) . The lack of an additional cytoprotective effect with BAF at a high MOI (Fig. 1 ) strongly suggests that a caspase-3-dependent apoptotic pathway is inhibited by NAIP. The results obtained are in accordance with cytoprotection studies using cerebellar granule neurons deprived of K ϩ and infected with identical adenoviral constructs (Simons et al., 1999) . This previous study also showed caspase-3-dependent cell death inhibited by expression of NAIP or XIAP (Simons et al., 1999) . These results, together with the inhibition data obtained from our in vitro assays, strongly suggest that the neuroprotective effect is mediated either in part or wholly as a consequence of direct inhibition of effector caspases by NAIP.
To define the motif(s) that are necessary and sufficient for caspase inhibition, constructs encompassing either single or dual BIR were generated. The purified recombinant GST fusion proteins were tested for caspase-3 inhibition. The experiments clearly demonstrate that the caspase-inhibiting domain can be reduced to the second or third BIR domain of NAIP or both. With B2, K i values were almost equal to those documented with the N-terminal NAIP protein B123xt and full-length XIAP, ranging from 5 to 21 nM (Fig. 6, Tables 1, 2) . Therefore, the second BIR domain is sufficient to mediate the full inhibitory effect of NAIP on group II caspases. Deletions of highly conserved amino acids within this critical BIR (as shown in Fig. 2 B) resulted in proteins unable to inhibit caspase-3 (data not shown), suggesting that the intact BIR motif is necessary to mediate the caspase inhibitory effect. A full potential for caspase-3 inhibition is also reported for the second BIR domain of XIAP (Takahashi et al., 1998) , underlining the importance of this BIR in mediating an apoptotic resistance. However, recent publications revealing the structure of the XIAP complexed with caspase-3 and caspase-7 showed binding to effector caspases with the XIAP BIR1/2 linker region (Chai et al., 2001; Huang et al., 2001; Riedl et al., 2001) . It is important to note that this caspase binding motif is not conserved among IAPs as is the BIR domain (Fig. 2 B,C) ; it will be of interest to delineate the caspase binding motif of the NAIP B2 protein. A study addressing the inhibition kinetics of linker region and BIR2 domain on caspase-3 is currently under way and shall hopefully shed more light on this issue. The recent crystallographic structural analyses have revealed unexpected de- tails of the XIAP-caspase interaction. A DISD tetrapeptide lying outside and ϳ11 amino acids upstream of the NH2 border of the XIAP BIR2 domain has been found to be critical for the interaction of both caspase-3 and caspase-7, binding to the catalytic groove of both proteases (Sun et al., 1999; Chai et al. 2001; Huang et al., 2001; Suzuki et al., 2001) . This is the same groove to which the tetrapeptide DEVD caspase inhibitor binds. A scan of the NAIP sequence for a similar tetrapeptide mapping upstream of any of the three BIRs, assuming a similar mechanism of binding and inhibitory action, reveals a DIRV motif that maps 15 amino acids upstream of the BIR2. This domain, which binds most avidly to caspase 3, is included in all the BIR2-containing polypeptides used in this study. Thus it may be that the motif contributes to the caspase binding and inhibition of BIR2. The difference in the size and polarity of arginine (bulky and positive) from that of serine (small and uncharged) and charge dissimilarity between valine (uncharged) and aspartate (negative) makes such a possibility somewhat less likely, but such binding is currently being assessed. The potency of NAIP B2 protein in inhibiting effector caspases correlates in its ability to protect cells from undergoing apoptosis. When HeLa cells are treated with the anticancer drug etoposide, apoptosis and elevated levels of activated caspase-3 are observed (Yang et al., 1997; Mizukami et al., 1999) . Transfection of a single NAIP BIR2 construct in HeLa cells resulted in significant cytoprotection, with 83% cell survival compared with ϳ60% of cells transfected with the control plasmid (Fig. 7) . In Figure 2 , B and C, sequence alignment of the BIR domains of human IAPs is illustrated, showing a close sequence identity between the second and third BIRs of NAIP. In this context, it might be expected that recombinant B3 protein would also inhibit caspase-3 strongly; however, the K i values obtained from our in vitro experiments are ϳ20-to 30-fold lower than for the B2 protein (Fig. 6 ). In the cell death assays, B3 shows significantly higher protection than B2 (91 vs 83%; p ϭ 0.0434) (Fig. 7) . When evaluating the subcellular localization of B2 and B3 in transfected HeLa cells, we find a predominant staining of the hydrophobic B2 protein localizing to the membrane in contrast to the cytoplasmic and nuclear staining seen with B3 (data not shown). It may be that this membrane association impairs the ability of B2 to inhibit caspase activity when compared with the more soluble and accessible B3. Thus, cellular sublocalization in addition to caspase affinity appears to be an important factor in the cytoprotective potency of a given protein. Less cytoprotection was observed for the B12 and B1 proteins, correlating with their weaker caspase inhibition. Nonetheless, the cytoprotective effect of these constructs is significant (Fig. 7) . Given the strong cytoprotective effects of BIR constructs that inhibit caspase-3 directly, such as B123xt, B23, B2, and B3 (Figs. 5, 6 ), we assume that the recombinant proteins (B1 and B12) used were misfolded but retain reduced capability for caspase inhibition when expressed in cells.
Together, the results from our study provide strong support for a model in which NAIP, more specifically the BIR2 domain, is playing a critical role in regulation of neuronal apoptosis by directly inhibiting effector caspases. It is perhaps of significance that two-thirds of SMA type I and a smaller fraction of type II and III patients have homozygous deletions in exons 5 and 6 of the NAIP gene (Roy et al., 1995) (Fig. 2 A) . Deletions of these exons would result in either the complete absence of NAIP or the generation of a protein lacking BIR2 domain (Fig. 2 A) . This could potentially result in an impaired or abolished ability to inhibit the effector caspases, resulting in enhanced levels of death in the SMN-deficient motor neurons, thus exacerbating the clinical severity of SMA.
